To account for the usual monomorphism of distasteful animals and of Müllerian mimics, it is commonly suggested that predators take disproportionately more of the rare forms of distasteful prey. Two experiments were carried out to test this hypothesis, each comprising a number of trials in some of which one of two colours of artificial food was the rarer and in others of which the other form was the rarer. In one experiment, using wild passerines, selection was not frequency-dependent. In the other, using domestic chicks, the rarer form was taken disproportionately less than the commoner, contrary to expectation. The conditions under which selection is likely to favour or disfavour the rarer forms in distasteful prey are discussed. Selection favouring the rarer form may account for those unusual cases in which distasteful animals are polymorphic.
INTRODUCTION
IT is a commonplace observation that edible species of animals are often cryptic whereas inedible species are aposematic (see Edmunds, 1974; Curio, 1976; Harvey and Greenwood, 1978 for reviews) . Many experiments have shown the selective advantage of crypsis in edible species. Others have shown that predators avoid distasteful, aposematic species, generally by learning but sometimes innately (references in Edmurids, 1974) . In distasteful species bright colours appear to be advantageous partly because such colours are markedly different from the cryptic ones which predators associate with edibility (Shettleworth, 1972; Turner, 1975) , partly for other reasons (J. J. D. Greenwood, in prep.; Gittleman, Harvey and Greenwood, 1980 ; J. M. Lambert and J. J. D. Greenwood, in prep.) . Some edible species are Batesian mimics, resembling particular aposematic species and therefore being avoided by predators (see Wickler, 1968; Edmunds, 1974; Turner, 1975; Harvey and Greenwood, 1978 for reviews) .
In all these cases selection may be frequency-dependent. Selection in edible, non-mimetic species is often apostatic, the predators ignoring the rarer forms (see Murdoch and Oaten, 1975; Greenwood and Elton, 1979 , for reviews and Hubbard, Greenwood, Glover and Cook, in prep., for a discussion of the reasons for such behaviour). Such selection tends to maintain polymorphism. Mimetic species may also be polymorphic, with the different morphs resembling different aposematic models. The explanation of this is as follows (e.g., Turner, 1975) . If a mimic is rare relative to its model, predators taking an animal showing that colour pattern usually suffer an unpleasant experience, so they avoid that pattern. If, in contrast, a mimic is common relative to its model, predators taking an animal of that pattern usually get a palatable meal, so they may choose not to avoid that pattern. Thus common morphs in a polymorphic mimetic species tend to be at a selective disadvantage. In contrast aposematic, distasteful species are usually, though not always, monomorphic (Edmunds, 1974) . It is generally accepted that this is because inexperienced predators will eat about the same absolute numbers of two or more inedible forms before learning that they are distasteful and will therefore kill a higher proportion of the rarer forms than of the commoner.
This hypothesis appears to have been tested only once by experiment. Benson (1972) found that predation in the aposematic butterfly Heliconius erato was heavier on individuals painted with a novel colour pattern than on those painted in their usual colours. However, this result may indicate only that the novel colour pattern was a less effective pattern in an absolute sense, not because it was rare. To test the frequency-dependent nature of the selection, one must make experiments in which the effects of specific pattern and of frequency are separated. We report here on two such experiments and show that they lend no support to the hypothesis being tested.
EXPERIMENT ONE (i) Methods
Baits of coloured pastry were presented to wild birds. The pastry was a 2: 1 mixture of flour and lard, with 1 ml of tap water added per 9 gm of mixture. Quinine sulphate B.P. was added at a concentration of 05 per cent. This made the pastry very distasteful to humans; furthermore, birds learn to avoid food containing this concentration of quinine sulphate (Ford, 1971) . The pastry was coloured with tasteless food dyes (Pointing Limited, Prudhoe, Northumberland, England). Sunset Yellow and Cherry Red were used, the exact colour depth being kept constant in different batches by reference to standards. The pastry was cut into 5 x 5 x 10 mm cuboids.
In each trial 400 baits were set out on a lawn in a square grid at intervals of 25 cm. About 20 gm of white bread was broken into small pieces and scattered around the square, to attract feeding birds. After about 4 hours, or before if the baits were being eaten rapidly, the uneaten baits were collected: those bearing beak marks were counted as "killed".
Trials were carried out in simultaneous pairs, one trial with 360 yellow and 40 red baits, the other with the reverse proportions. The positions of the baits were randomised in respect of colour. Ten pairs of trials were carried out over a period of 6 weeks, nine in Dundee (Scotland), one in Lancashire (England). None of the lawns was closer than 400 m to any of the others, so the birds were probably naive in each trial. The birds that ate the baits were not watched but the common lawn-feeding passerines likely to have been involved are Blackbirds Turdus merula, Starlings Sturnus vulgaris, and House Sparrows Passer domesticus.
(ii) Statistical analysis Selection in each trial was measured by the /3 coefficient of Manly (1973 Manly ( , 1974 . This is based on a model that assumes that the preference of the animals remains constant during the trial, /3 being a measure of that preference in the sense that it is the probability that if the animal was faced with an equal number of the two food types it would take one rather than the other. Comparison of the 3 values for different trials enables us to test whether preference was dependent on the relative frequency of the two types of food.
(iii) Results Table 1 shows the /3 values. The missing value is the result of all the baits being eaten in this trial. The overall mean value is 0786, indicating a strong general preference for red (/3 = 1'O means that only red were eaten; /3 = 05 means no preference; /3 = 0.0 means no red eaten). The magnitude of the difference between the /3 values of the two members of each pair of trials is a measure of any frequency-dependent effect. Taking the first nine pairs of trials, this difference is indistinguishable from zero (average 0030, s.e. 0.124). Thus if selection was frequency-dependent in this experiment, it was only weakly so. The overall preference for red and the variation between trials were much more important.
EXPERIMENT TWO (i) Is4ethods
Male White Leghorn chicks (Gallus galius) were presented with chick crumbs, a commercial rearing diet. The trial crumbs were sieved to restrict the size range to 20-24 mm minimum diameter. They were coloured dark green or dark brown by spraying them with tasteless food dyes (manufacturer unknown) . Some of the crumbs were made distasteful by adding 15 gm mustard powder and 1 gm quinine sulphate per 100 ml of dye. The crumbs for the whole experiment were prepared in a single batch and there were no detectable differences in colour between edible and distasteful crumbs.
A randomised block design was used for the experiment, the four blocks being successive weeks. Day-old chicks were obtained on day 1 and kept in a single box until day 4. They were then transferred to individual cardboard boxes, in which they were to be tested on day 7. Most of these boxes had floors of 28 x 28 cm and walls of 31 cm but some were slightly larger or smaller (up to 5 cm in any one dimension). Their walls were pale brown and they were floored with absorbent pale blue paper. In some weeks the chicks were kept in a laboratory and incubated by suspending a light bulb just above each box; in other weeks they were kept in a constant temperature room (25°C) under constant illumination. Undyed (pale brown) crumbs of a range of sizes extending both below 20 mm and above 24 mm were supplied adlibitum until 1700 on day 6. Water was constantly available.
In each trial, 500 dyed crumbs were scattered over the floor of the trial box. The chick was placed in the box and left for 2 hours, after which the remaining crumbs were counted. Trials were of four types, according to the palatability of the crumbs (distasteful or palatable) and to the ratio of green to brown (9: 1 or 1:9). Each type was replicated five times in each block.
(ii) Statistical analysis In addition to the method used for experiment one, experiment two was analysed in terms of the model of Greenwood and Elton (1979) , which measures overall selection at the end of the trial, rather than instantaneous preference. The measure is in terms of two parameters: V is a measure of frequency-independent preference and b is a measure of frequencydependence. (This method could not be applied to experiment one because there were too many cases where all the red pastries were eaten.) (iii) Results Table 2 shows the mean f3 values for the four treatments. It is clear from the grand mean that there was an insignificant tendency for green to be taken less than brown. The marginal totals show that selection was almost unaffected by the edibility of the crumbs but that green tended to be taken when common (13 >0.5) but not taken when rare (/3 <0.5). The individual treatment means show that this frequency-dependent effect was less marked when the crumbs were distasteful than when they were edible. These conclusions are confirmed by analysis of variance (table 3) . Thus the chicks tended to ignore the rarer colour not only when feeding on edible crumbs but also when feeding on distasteful crumbs, though the effect was less strong in the latter circumstances. The results of these preferences, in terms of the model of Greenwoood and Elton (1979) , are shown in table 4. As one would expect, they indicate Variance ratios are all calculated relative to the error mean square since the treatments are fixed.
Note that, because one chick ate no crumbs, the experiment was not orthogonal: the sums of squares for each main effect were calculated allowing for the other main effect. Because 12 chicks ate crumbs of one colour only, 12 of the f3 values are zero or unity, so the data are not Normal. However, omission of the first week's data, which contain 7 of these 12 values, makes no substantial difference to the results of the analysis.
apostatic selection (b > 1), stronger for edible than distasteful crumbs, and a general frequency-independent selection of browns (V> 1). Unfortunately, the parameter estimates have wide confidence limits because the between-block variance could not be removed in this analysis.
Discussior.t
It is generally accepted that, because predators have to take a disproportionate number of a rarer form of prey before they learn that it is distasteful, rare forms are at a selective disadvantage in distasteful species. However, there is no experimental evidence for this view and our results show that it is not always true. There are some circumstances in which selection is only slightly, if at all, frequency-dependent and others in which the rare forms are at an advantage.
In experiment one, the number of items eaten was fewer than one would expect given the usual avidity with which wild passerines eat pastry baits and that with which they consumed the bread scattered near the baits.
In experiment two, an average of 75 crumbs was eaten in trials with distasteful crumbs compared with 245 in trials with palatable crumbs. There is thus no doubt that the birds found the food items distasteful.
Why, therefore, did they fail to behave as expected ?   TABLE 4 Parameter estimates for the model of Greenwood and Elton (1979) applied to the data of experiment two The distastefulness of a food item to an animal is presumably the evolutionary product of selection resulting from the presence of toxic substances in some types of food. Animals would be expected to find distasteful those substances that have proved toxic during their evolutionary past plus gustatory mimics of such substances. Thus the distastefulness of a food item indicates the likely cost associated with eating it. If this cost exceeds the benefit derived from the nutritional value of the item, the animal should avoid eating similar items in future. It may, of course, need more than one experience of a particular type of food before it can assess the costs and benefits associated with that type or before it can learn to recognise it. However, if this number is roughly constant for the different morphs of a food species, then the predator will impose frequency-dependent selection against the rarer morphs. However, this assumes that the benefits to be derived from the food are constant. If an animal has not fed for some time the benefits of eating a noxious food item may outweigh the costs. The animal should eat the item and any similar ones it encounters until it has eaten so many that the benefits of eating another no longer outweigh the costs. Up to that point, it should select its diet efficiently, which under many circumstances may mean selecting apostatically (S. F. Hubbard et a!., in prep.).
Variation in hunger between individual predators may mean that while some deliberately feed on the distasteful food, and select apostatically, others only feed on it while learning about it, and so select anti-apostatically.
Thus, depending on the relative numbers of more hungry and less hungry predators, the overall result may be weaker apostatic selection than when the food is palatable, as in our second experiment, or no detectable frequency-dependent selection at all, as in our first experiment, or antiapostatic selection, as in the traditional hypothesis.
Our results, and the hypothesis based on them, thus allow one to use selection by predators to explain not only the general monomorphism of distasteful species but also their occasional polymorphism, such as in Danaus chrysippus (e.g., Smith, 1980) . It may be objected that apostatically-selecting predators not only select against commonness but also against conspicuousness, so that one might expect polymorphic distasteful species not to be so evidently aposematic as monomorphic distasteful species. However, predators eating distasteful prey tend to take more of the inconspicuous forms than of the conspicuous forms (J. M. Lambert and J. J. D. Greenwood, in prep.) . Thus the advantage which an inconspicuous form has while the predators are hungry may be outweighed when the predators are not hungry because they continue to eat the inconspicuous form but ignore the aposematic form that they recognise as distasteful.
There are other hypotheses to explain polymorphism in distasteful species. Suppose that such a species is eaten by a variety of predators, some treating it as distasteful and others treating it as palatable. The former will promote aposematism and monomorphism, the latter will promote inconspicuous colouration and polymorphism. Edmunds (1969) postulates that this can produce an aposematic polymorphic prey population. However, it is not clear how, on this hypothesis, aposematism can be disassociated from monomorphism and vice versa. If the first group of predators is more important than the second, then both aposematism and monomorphism will result; if the second group is more important, inconspicuous colouration and polymorphism will result. Our hypothesis is subtly different from this, in that the same predator individuals are responsible for promoting aposematism and polymorphism.
Another hypothesis to explain polymorphism in distasteful species is that it represents a response to mimicry (Owen and Chanter, 1968) . Suppose that an aposematic monomorphic species has a mimic. It may suffer some predation because of predators that have experienced the minmic and which therefore expect at least some animals of that colour form to be edible. A new morph in the model will not suffer such predation, though it may suffer predation because it is rare (following the classical hypothesis). If the first effect is stronger than the second, then the new form will increase in frequency. Howe'er, this hypothesis does not explain the persistence of stable polymorphisms of models in which each morph has a mimic. In this situation, any morph that, for some reason, becomes rare compared with its mimic will suffer heavier predation than the other morphs and thus will become even rarer. Thus mimicry promotes the emergence of new morphs but destabilised polymorphism.
Of course, the selective forces acting on particular polymorphisms may be more complex than supposed in our simple hypothesis. Thus Danaus chrysippus is a common member of a large complex of Müllerian and Batesian mimics (Rothschild et a!., 1975) . Furthermore, there is evidence for pleiotropic effects of the colour genes, non-random mating and sexual selection, meiotic drive and sex-ratio polymorphism, and other types of selection, with the selective forces varying seasonally, possibly according to population-density and morph-frequency (Smith, 1973a (Smith, , b, 1975a (Smith, , b, 1976a (Smith, , b, 1979 (Smith, , 1980 . Finally, the polymorphism may result from recent hybridisation of previously allopatric monomorphic races (Smith, l975c, 1980) . If our hypothesis is the correct general explanation for polymorphism in some distasteful species, one would expect polymorphism to occur in those distasteful species that are among the less distasteful and that occur in situations where alternative food is scarce. Such predictions can only be tested by extensive work on actual distasteful animals. One would also expect that, in experiments such as we have reported here, the amount of predation and form of selection should be easily modified by varying the amount and palatability of alternative food available. We plan to carry out such experiments.
